Gastrin-releasing peptide (GRP) is developmentally expressed in human fetal lung and is a growth factor for normal and neoplastic lung but its role in normal lung development has yet to be clearly defined. In this study we have characterized the expression of GRP and its receptor in fetal rhesus monkey lung and determined the effects of bombesin on fetal lung development in vitro. By RNA blot analysis, GRP mRNA was first detectable in fetal monkey lung at 63 days gestation, reached highest levels at 80 days gestation, and then declined to near adult levels by 120 days gestation; a pattern closely paralleling GRP expression in human fetal lung. As in human lung, in situ hybridization localized GRP mRNA to neuroendocrine cells though during the canalicular phase of development (between 63-80 days gestation) GRP mRNA was present not only in classic pulmonary neuroendocrine cells, but also in cells of budding airways. Immunohistochemistry showed that bombesin-like immunore-airway epithelial cells in developing fetal lung and that the interaction of GRP with the GRP receptor stimulates airway development. (J. Clin. Invest. 1994Invest. . 94:1605Invest. -1615.) Key words: bombesin * fetal lung * growth factors * airway 1. Abbreviations used in this paper: GRP, gastrin-releasing peptide; GRP-R, GRP receptor; PNEC, pulmonary neuroendocrine cells; SCLC, small cell lung carcinoma.
activity was present in neuroendocrine cells, but not in budding airways, suggesting that in budding airways either the GRP mRNA is not translated, is rapidly secreted, or a related, but different RNA is present. RNase protection analysis using a probe to the monkey GRP receptor demonstrated that the time course of receptor RNA expression closely paralleled the time course of GRP RNA expression. In situ hybridization showed that GRP receptors were primarily expressed in epithelial cells of the developing airways. Thus GRP would appear to be secreted from neuroendocrine cells to act on target cells in developing airways. This hypothesis was confirmed by organ culture of fetal monkey lung in the presence of bombesin and bombesin antagonists. Bombesin treatment at 1 and 10 nM significantly increased DNA synthesis in airway epithelial cells and significantly increased the number and size of airways in cultured fetal lung. In fact, culturing 60 d fetal lung for 5 d with 10 nM bombesin increased airway size and number nearly to that observed in cultured 80 d fetal lung. The effects of bombesin could be blocked by specific GRP receptor antagonists. Thus this study demonstrates that GRP receptors are expressed on Introduction Bombesin is a tetradecapeptide initially purified from the skin of the frog Bombina bombina in 1971 (1) . One mammalian homolog of bombesin is the 27-amino acid peptide, gastrinreleasing peptide (GRP),' initially isolated from porcine stomach by McDonald et al. in 1979 (2) . 9 of the 10 COOH-terminal amino acids of bombesin and GRP are identical, and this COOH-terminal decapeptide (designated GRP-10) (3) appears to contain full receptor-binding and biological activities. Bombesin and GRP have nearly identical potencies and physiologic effects (4) (5) (6) , and thus amphibian bombesin is frequently used to study the effects of GRP. GRP is widely distributed in brain, gastrointestinal tract, and lung, and functions as a neurotransmitter, paracrine hormone, and growth factor (7) (8) (9) . In the lung, GRP is located in the pulmonary neuroendocrine cells (PNEC) (10) , and high levels are found in human fetal and neonatal lung (11) (12) (13) (14) , and in small cell lung carcinoma (SCLC) (15, 16) . Peak GRP mRNA expression occurs from 14 to 30 wk gestation and while GRP peptide and mRNA consistently colocalize in neuroendocrine cells in early gestation, by late gestation, many cells that contain GRP peptide no longer contain GRP mRNA (17) . GRP and bombesin have been shown to stimulate the clonal growth of normal bronchial epithelial cells and the growth of SCLC cells both in vitro and in vivo (6, (18) (19) (20) . Cuttitta et al. (18) have demonstrated that antibodies to bombesin can inhibit the growth of SCLC lines in vitro and in vivo and have suggested that GRP is an autocrine growth factor for SCLC. The ability of GRP to stimulate the growth of SCLC cell lines correlates with the expression of the GRP-preferring bombesin receptor subtype. The GRP receptor has been cloned and shown to belong to the seven-membrane spanning domain superfamily (21) (22) (23) . Specific antagonists of the GRP receptor (GRP-R) have been developed (24) and can inhibit growth of SCLC cell lines that express GRP receptors (25, 26) . Although the presence of GRP-R in SCLC is well documented, the location, time course and expression of GRP-R in normal fetal lung has yet to be clearly demonstrated.
The observation of peak expression of GRP mRNA in human fetal lung at midgestation (17) , combined with growth-promoting effects on some SCLC cell lines (18, 19, 27) and pulmonary epithelial cells (6, 20) , are highly suggestive that GRP gene activation plays a role in normal fetal lung growth. In the mouse, Sunday et al. and King et al. (28, 29) have demonstrated that bombesin can stimulate DNA and saturated phosphatidylcholine (SPC) synthesis in fetal lung. Similarly, Aguayo et al. (30) have also demonstrated that bombesin can stimulate airway branching in mouse lung explants. However, it is noteworthy that the GRP is expressed relatively later in gestation in mice than in humans (17, 28) , and that in contrast to humans, GRP immunoreactivity cannot be localized to mouse PNEC (31 ) . Thus an animal model that more closely parallels human patterns of fetal pulmonary GRP expression is needed to characterize the role of GRP in human lung development. In this paper we demonstrate that the pattern of GRP expression in fetal rhesus (Macaca mulatta) monkey lung closely parallels that of human fetal lung and demonstrate that bombesin and GRP significantly increase both the number and size of small airways in organ cultures of fetal monkey lung.
Methods
Lung tissues were collected from fetal (50-154 d gestation), neonatal and adult rhesus monkeys. For mRNA measurement, tissues were frozen on liquid nitrogen and stored at -80'C. For immunohistochemistry, tissue were fixed in Zamboni's fixative (1.5% paraformaldehyde and 1% picric acid) and for in situ hybridization, tissues were fixed in 4% paraformaldehyde in borate buffer, pH 9.5, (32).
Generation ofspecific monkey GRP and GRP receptor cRNA probes. PCR was used to generate specific monkey GRP and GRP-R cDNA probes. Primers corresponding to the beginning and end of the human GRP exon-3 (33) and GRP-R gene exon-3 (23, 34) were used to amplify 250-bp fragments of DNA from monkey genomic DNA. Primers chosen for amplification were highly conserved between rat and human (34, 35) and thus were likely conserved between human and monkey. The amplified DNA was subcloned into the vector PCR 1000 (Invitrogen, San Diego, CA) and their identity confirmed by DNA sequence analysis. 32P-labeled antisense GRP and GRP-R cRNA probes were prepared by transcribing with T7 RNA polymerase as described by Melton et al. (36) . mRNA determination. Total RNA was prepared by the method of Chirgwin et al. (37) by homogenization of lung tissue in guanidinium thiocyanate followed by centrifugation through CsCl. Total RNA was subjected to electrophoresis through 1.5% formaldehyde-agarose gels and transferred to Duralon nylon membranes (Stratagene, La Jolla, CA) by capillary blotting, and UV-crosslinked (38) . Gels were stained with ethidium bromide to visualize the 28S and 18S ribosomal RNA bands to check for degradation and recovery of RNA. Hybridization was in 5x SSC; 5X Denhardt's solution (lx Denhardt's solution = 0.02% Ficoll-400, 0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone-40); 50% formamide; 50 mM sodium phosphate, pH 7.0; 0.2% SDS and sonicated, denatured salmon sperm DNA (200 Itg/ml) at 65°C for 18 h. Membranes were washed for 2 x 15 min in 2x SSC/0.1% SDS at room temperature followed by 2 X 15 min washes in O.1x SSC/ 0.1% SDS at 65°C, and exposed for 24-72 h at -85°C with Kodak XAR films with intensifying screens.
RNase protection assay. RNase protection analysis of the expression of GRP-R mRNA in rhesus monkey lung was performed as described by Ausubel et al. (38) . Total RNAs from fetal and adult monkey lungs were hybridized with gel purified, 32P-labeled GRP-R cRNA probe in hybridization buffer (40 mM Pipes, pH 6.4; 0.4 M NaCl; 1 mM EDTA; 80% formamide) at 45°C for 18 h, digested with 40 rg/ml ribonuclease A and 2 /sg/ml ribonuclease T1 at 37°C for 1 h, phenol extracted and ethanol precipitated. Sample were subjected to electrophoresis on 1.5-mm-thick 5% urea-acrylamide gels, the gels dried at 80'C for 45 min and exposed for 16 h at -850C with Kodak XAR films with intensifying screens.
Immunohistochemistry and antibody preparation. The monkey GRP prohormone exists in two forms which both identically encode GRP, as we have previously described for human GRP (39, 40) . The sequence of the monkey GRP prohormones were derived from cDNA cloning and will be fully described elsewhere (note, monkey GRP is identical in sequence to human GRP). Two synthetic peptides corresponding to the COOH-terminal regions of the monkey GRP prohormones were synthesized and used as immunogens for antiserum production. The synthetic peptides corresponding to monkey prohormones type 1 and 2 were MCI: Tyr-Lys-Asp-Leu-Val-Asp-Ser-Leu-Leu-Gln-Val-Leu-Asn-Val-Lys-Glu-Gly-Thr-Pro-Gln-Leu-Asn-Gln-Gln and MC2: Tyr-Asn-Pro-Pro-Ala-Glu-Pro-Ala-Met-Thr-Met-Met-Ala-Ser-Leu-Lys-Gly-Glu-Lys-Gln-Asn-Pro. The peptides were conjugated to Keyhole Limpet Hemocyanin using N-ethyl-N'(3-dimethylaminopropyl) carbodiimide (Calbiochem-Behring, La Jolla, CA). New Zealand White rabbits were immunized subcutaneously with 100 pg peptides using complete Freund's adjuvant in the initial injections and incomplete Freund's adjuvant in the subsequent injections.
Immunohistochemistry was performed using monoclonal antibody (2A1 1) against amphibian bombesin that cross reacts equally with GRP ( 18) and with the antisera against the two synthetic monkey GRP prohormone COOH-terminal peptides (MCI and MC2). Bound antibody was visualized with the avidin-biotin complex (ABC) (Vector Laboratories, Inc., Burlingame, CA) immunoperoxidase technique using diaminobenzadine as the substrate as described by Watts and Swanson (41) . Controls consisted of nonimmune rabbit serum, or anti-bombesin antiserum (2A1 1) preadsorbed with bombesin ( 10 qg/ml), or GRP prohormone antisera adsorbed with MCI or MC2. No positive reactions were detected in any of the controls. Combined in situ hybridization-immunohistochemistry was performed as described by Watts and Swanson (41) as modified by Lorang et al. (42) . After immunohistochemicallyprocessed sections were developed with diaminobenzadine, they were rinsed four times in .02 M potassium-phosphate-buffered saline (KPBS), pH 7.4, dried overnight in a vacuum desiccator then subjected to in situ hybridization as described below. Serial sections of some monkey fetal lung (60, 80, and 125 day gestation) were also stained for chromogranin A and neuron specific enolase by the ABC immunoperoxidase technique.
In situ hybridization. In situ hybridization was performed as described by Angerer et al. (43) and Lorang et al. (42) . In brief, tissues were fixed in 4% paraformaldehyde for 6-8 h, and transferred to 15% sucrose in 0.1 M PBS for 16 h at 4°C. The tissues were then embedded in Tissue-TEK O.C.T. compound (Miles, Elkhart, IN) and frozen in powdered dry ice, and stored at -80°C. Tissue sections were cut on a cryostat at 5-10 tim, placed onto poly-L-lysine and gelatine coated slides, and dried overnight under vacuum. Slides were refixed with 4% paraformaldehyde for 15 min, washed 2x with 0.1 M PBS, treated with 2 qg/ml proteinase K, 0.1 M triethanolamine, and 2.5 ttl/ml acetic anhydride. Hybridization was carried out with monkey GRP receptor cRNA probe prepared as described above. 35S-labeled probe (10 x 106 cpm) was applied to each slide in a volume of 70 1.d of hybridization buffer (60% formamide, 12% dextran sulfate, 0.25 M NaCl, 2x Denhardt' solution, 1 mM EDTA, 20 mM DTT, 0.5 mg/ml tRNA, and 10 mM Tris, pH 8.0). Coverslips were applied and slides were incubated in a moist closed chamber at 55°C for 20-24 h. Slides were washed in 4x SSC for 5 min x 4, treated with 20 jtg/ml ribonuclease A to digest any remaining unhybridized probes, and then washed sequentially at room temperature in 2x, lx and 0.5x SSC 10 min for each wash, and in 0.1 x SSC at 65°C for 30 min. Sections were then dehydrated in ethanol, air-dried, and dipped in Kodak NTB-2 autoradiographic emulsion. Slides were exposed for 7-14 d, developed and slides not previously processed for immunohistochemistry were counterstained with hematoxylin. Fetal Percent of gestation organ culture method was used as described by Jaskoll et al. (44) . Fetal lungs from 60-, 70-, and 80-d-gestational rhesus monkeys were excised on ice and cut into 1 mm3 pieces using aseptic technique. Sections were taken only from peripheral parts of lung to avoid large central airways and blood vessels. This also served to minimize chances of biasing results by having unequal distribution of centrally and peripherally derived sections in experimental groups. The lung explants were placed on Transwell microporous membrane inserts in 6 well culture clusters (Costar, Cambridge, MA) and cultured in a serum free, chemically defined medium (Fitton-Jackson modification BGJb, GIBCO BRL, Grand Island, NY) containing 100 U/,ig penicillin/streptomycin in 5% C02/air at 37TC. To study the effects of bombesin and its antagonists on the growth of monkey fetal lung in vitro, lungs were incubated in the presence or absence of bombesin (1 and 10 nM); the GRP receptor antagonists, D-Phe6 bombesin (6) (7) (8) (9) (10) (11) (12) (13) propylamide (BIM-26147) (45) or D-fluorylamide-Phe 6-bombesin(6-13)-methylester (BIM-26226) (46) . Peptides were present though the entire culture period and media + peptides were changed daily to limit peptide degradation. After 5 d in culture, fetal lung explants were fixed in Zamboni's fixative or 4% paraformaldehyde in borate buffer, pH 9.5, and then sectioned and subjected to hematoxylin/eosin staining and or immunohistochemical staining and in situ hybridization. Image analysis was performed on sections as described below. S-Bromo-2 '-deoxy-uridine (BrdU) labeling. BrdU-labeling was used to measure the effects of bombesin and its antagonist on DNA synthesis and cell proliferation. BrdU-labeling was performed using reagents and protocols supplied by Amersham (Cell Proliferation Kit, Amersham Corp., Arlington Heights, IL). Fetal lung from a 60-d-gestation rhesus monkey was cultured in BGJb medium either with or without added bombesin (10 nM) in 5% C02/air at 37TC for 48 h, then pulselabeled with BrdU (final dilution = 1:1,000) for 60 min. After labeling, tissues were washed in PBS for 15 min, fixed in Zamboni's fixative, and processed for frozen sectioning. BrdU labeling was visualized by immunohistochemistry using a specific BrdU monoclonal antibody and sections counterstained with 0.25% thionin.
Morphologic and statistical analysis. The Optimas Bioscan image analysis program (v. 4.0) was used to quantify airway size and number and to count BrdU-labeled cells in cultured lung. For each treatment, at least ten fields (field area = 2 mm2) were analyzed. Within each treatment, fields counted were chosen at random from multiple sections, to minimize bias of choosing adjacent sections with similar sized airways. Within each field, all airways were counted and the internal diameter of each airway recorded in a spreadsheet (Excel 4.0, Microsoft Inc, Redding, WA) to allow construction of histograms of airway size and number. Comparisons of airway size and number were made by 1-, 2-, or 3-way ANOVA using either StatView 2.01 or SuperAnova 1.11 (Abacus Concepts, Berkeley, CA) on a Macintosh IIFX. Post hoc tests were performed with Fisher's LSD.
The number of unlabeled and BrdU-labeled cells in developing airways were counted in 10 fields per group. Within each field, in every airway that contained labeled cells, the number of labeled and unlabeled cells was determined. This allowed calculation of the percentage of labeled epithelial cells per field and the average number of BrdU labeled cells per airway.
Results
GRP and GRP-R gene expression was analyzed by three different methods. Northern blot analyses were performed to determine GRP mRNA expression in fetal and adult monkey lung; RNase protection assays were performed to demonstrate GRP-R expression in lung tissue and in situ hybridization analyses were performed to determine cell type and relative number of cells containing GRP and GRP-R mRNAs.
By Northern blot analysis, GRP mRNA was not detectable in 50-d fetal lung; first detectable at 63 d gestation, reached highest levels at 80 days gestation and then declined to near adult levels by 120 d gestation ( Fig. 1 A) . Adjusting for length of gestation (160 d for monkey, 40 wk for human), this time course is quite similar to the pattern of GRP expression we previously reported in human fetal lung ( Fig. 1 B) ( 17) . In both monkeys and humans, lung GRP mRNA expression begins at 30% of gestation, reaches peak levels by 50% gestation, and then rapidly declines to adult levels by 75% of gestation ( Fig. 1 B) .
In situ hybridization localized GRP mRNA to PNEC and neuroepithelial bodies in both bronchi and bronchioles in fetal and neonatal monkey lung (Fig. 2 A) . That these cells contained GRP was demonstrated by strong staining with bombesin monoclonal antibody 2AII (18) (Fig. 2 B) and by staining with antibodies to the monkey GRP prohormones (not shown). GRP-positive neuroendocrine cells were localized both proximally and distally, predominantly in bronchioles, frequently at points of bifurcation (Fig. 2 B) . Absorption of the antibombesin antiserum with bombesin and the prohormone antiserum with peptides MCI and MC2 blocked staining in serial sections. Cells were identified as PNEC by morphology, location and by positive staining with a human anti-chromogranin antibody (17, 47, 48) . Thus similar cell types express GRP in monkey and human fetal lung. Between 63 and 80 d gestation GRP mRNA was present not only in the neuroendocrine cells, but also in cells of budding airways (Fig. 2, C and D) . These cells however did not show any staining with bombesin antibody 2A1 1 nor with the antibod-ies against the monkey GRP prohormones. Thus, GRP mRNA is transiently expressed in airway progenitor cells but may not be translated.
The presence of GRP-R mRNA was determined by RNase protection analysis of total RNA from monkey fetal and adult lungs using a probe to exon 3 of the monkey GRP receptor (Fig. 3 ). GRP-R expression was detectable in monkey lung by 63 d gestation, plateaued from 80 to 140 d gestation and markedly decreased in adult lung (Fig. 3 ). Thus this time course parallels the time course observed for GRP mRNA expression. Using the same GRP receptor exon 3 probe and bombesin antibody 2A1 1, combined GRP-R in situ hybridization/GRP immunohistochemistry was performed to determine which cells expressed the GRP-R mRNA (Fig. 4 ). As shown in Fig. 4 , GRP-R was expressed primarily by cells lining developing airways. As evident in Fig. 4 C, hybridization is located luminally and 1608 Li, Nagalla, and Spindel t.
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'k, -.. An I in areas of cellular thickening. The expression of GRP-R in airways appears bimodal in that either many cells in an airway section express the GRP-R or no cells in an airway section express the GRP-R. The proximity of the GRP-R expressing epithelial cells to the GRP expressing PNEC suggests that GRP released from PNEC may act on the airway epithelial cells. As shown in Fig. 4 , D and E silver grains also overlayed some PNEC suggesting that some GRP-expressing cells may also express the GRP-R.
To determine the effects of GRP on airway development, organ culture was performed on 60-, 70-, and 80-d fetal monkey lung, periods of maximal GRP and GRP-R expression. Tissues incubated for 5 d maintained morphology characteristic of healthy lung tissue as shown in Fig. 5 . The representative section shown in Fig. 5 shows the stimulation of airway size and number caused by 10 nM bombesin. The effects of bombesin and antagonists were quantified by image analysis and results are presented in Figs. 6-8. Figure 6 shows a histogram of the number of airways of the given sizes (in 10 tim increments) for each treatment. Bombesin at both 1 and 10 nM significantly increased airway number and size at Fiuro5 frhem catoylncoi-tarined shfectios ofcutued70d estationay fetal monkdey lung. (ma)l A representativ setion (X41670) culure ford dfin tepesiweesen of0nM bmbesinusowincreased airways grothog GRPreceptoantagonistsi D-Phe bombesicntl (6) (7) (8) (9) (10) (11) (12) (13) preopyamidem (45, 46) (Fig.w6 )ys wefelldab cmariseond GRPhi recep cantago-ie bhoerbtdsidnfcn decreasesthinumeso larger-sized airways wihastg deiscriedtbelow (Fig. 7) .
TOvfuralther chauacteriz heffects of bombesino airwalokys large (>v71onm)nsies.le As shon iparnt Fig.ras Airways in 10 2-mm2 fields per group were counted as described in the Methods. Data shown is for the GRP receptor antagonist D-Phe6 bombesin (6) (7) (8) (9) (10) (11) (12) (13) propylamide (45) . Similar results were obtained with a second GRP receptor antagonist, BIM-26226 (46) (results not shown). *P < 0.01 comparing the overall number of airways in 1 and 10 nM bombesin treated lungs to control lung cultures by 3-way ANOVA using Fisher's LSD post hoc test. d fetal lung cultured in the presence of 10 nM bombesin (Fig.  8) . Bombesin increased the number of airways in each size category, such that there were no longer significant differences between the treated 60-d lung and the untreated 80-d lung (Fig. 8 ).
To determine if bombesin treatment stimulated DNA repli- Bombesin significantly increased the number of medium and large airways, but not the number of small airways. Antagonist treatment did not significantly affect overall number of airways, but did significantly decrease the number of large airways and increase the number of small airways at most time points. *P < 0.05 compared to number of control airways of the same age and size by 1 way ANOVA followed by Fisher's LSD post hoc tests.
cation and to determine the target cells, BrdU labeling was performed. As shown in Fig. 9 , the majority of cells that took up BrdU lined developing airways. Treatment with 10 nM bombesin significantly increased both the number and percentage of BrdU-labeled airway epithelial cells as compared to untreated lung (Fig. 9 ). The majority of cells labeled by BrdU were located in the epithelium of developing airways and relatively fewer mesenchymal cells were labeled ( Fig. 9 A) .
Discussion
Northern blot analyses demonstrated that GRP mRNAs are elevated in fetal rhesus monkey lung from 63 to 80 d gestation. This transient increase of GRP mRNA in midgestational fetal monkey lung is similar to the increased GRP mRNA expression observed from 16 to 30 wk gestation in human fetal lung (17) . Also like human lung, in situ hybridization localized the GRP-mRNA in fetal monkey lung to neuroendocrine cells. GRP immunostaining appeared at about the same time when GRP mRNA expression was first demonstrated, and was consistently present in the neuroendocrine cells in both fetal and neonatal lungs. This strong similarity between monkey and human in the pattern and time course of GRP gene expression makes the monkey a potentially valuable model to characterize the role of GRP in fetal lung development.
In human lung, as in rhesus monkey the period of gestation during which the GRP gene is activated corresponds to the latter part of the pseudoglandular stage and to the canalicular phase of pulmonary development ( 17, 49, 50) . This phase is characterized by considerable extension and branching of the respiratory bronchioles which are lined by cuboidal epithelium and situated close to the capillary system. At places where direct contact between bronchioles and capillaries occurs, the epithelial cells may be flattened to squamous epithelium (49, 50). Developing monkey lung generally follows a similar time course as does human lung, and alveolarization does not significantly start until day 95 of gestation (51) . Thus in the primate, GRP is expressed in the pseudoglandular and canalicular phase during initial airway formation. By contrast, in rodents, GRP is expressed at the end of gestation (28, 29) . This would suggest that in primates, GRP may influence airway branching, but in rodents, GRP differentiation (28, 29) . Interestingly, Aguayo et al. (30) has recently reported that bombesin-like peptides can stimulate lung branching in fetal mouse lung explants, despite the inability to detect GRP immunoreactivity in fetal mouse lung. This raises the possibility that other, as yet undescribed bombesin-like peptides may be active in rodent lung. A surprising finding in this study was that at midgestation, GRP mRNA was present not only in the neuroendocrine cells, but also in the epithelial cells of budding airways. This finding is similar to the recent report of calcitonin gene-related peptide in serous cells of rat trachea (52) . In contrast to GRP expression in neuroendocrine cells in which strong immunostaining could be demonstrated, no GRP or GRP prohormone immunostaining could be detected in the budding airways. This suggests that GRP mRNA is present, but not translated in airway progenitor cells. This would be similar to the many human lung neoplasms which also express but do not translate the GRP mRNA and thus may help explain why so many different lung neoplasms express the GRP mRNA (53, 54) . It is also possible that GRP is present at low concentrations or is rapidly secreted, but not stored in these cells, thus making immunohistochemical detection difficult. Another possibility which cannot-be ruled out is the presence of a related, but different GRP-mRNA whose translation product is not detected by the antibodies used. Preliminary screening of a cDNA library from 80-d fetal lung however did not reveal any clones encoding new bombesin-like peptides. The expression of some but not all neuroendocrine markers (i.e., no chromogranin expression) raises the still poorly understood question of the relation of airway progenitor cells to neuroendocrine cells or to the progenitors of neuroendocrine cells.
Bombesin-like peptides have been implicated as autocrine growth factors influencing pathogenesis and progression of some SCLC (18, 19, 27) in SCLC is well documented (23, 34, (55) (56) (57) . The expression of GRP ligand in fetal and neonatal lung of human and other mammals is also well described (8, 10, 13, 14, 17) , but the expression of GRP receptors in normal fetal primate lung has not been described. In this study, we have demonstrated GRP-R gene expression in normal monkey fetal lung by RNase protection and in situ hybridization analyses. In situ hybridization shows marked staining around the developing airways ( Fig. 4 ) which suggests that developing airway epithelial cells may be the cells that respond to the mitogenic effects of GRP during lung development. Consistent with this, both GRP ligand and receptor are expressed in monkey fetal lung at about the same stages. Thus one likely hypothesis is that GRP synthesized by PNEC is a paracrine growth factor for epithelial cells of developing airways which express GRP-R. The observation of GRP-R in airway epithelial cells is consistent with the observations by Willey et al. (6) and Siegfried et al. (20) that bombesin and GRP are mitogenic for human bronchial epithelial cells. The double in situ hybridization/immunohistochemical analyses suggest that some PNEC express both GRP and GRP-R. This is consistent with the findings by Speirs et al. (58) that GRP stimulates the growth of rabbit PNEC. This is also consistent with the expression of GRP-R by some SCLC and the existence of an autocrine feedback loop as first proposed by Cuttitta et al. (18) in which SCLC both secrete and respond to GRP. While our data shows GRP-R hybridization overlying PNEC and strongly suggests that PNEC express GRP-R, without confocal microscopy we cannot definitively rule out that the hybridization observed derives from overlying cells. In examining the expression of GRP-R in developing airways, it is striking that not all airways express GRP-R, rather only a subset of airways express GRP-R, and typically, in an "activated" airway many cells will express GRP-R. This suggests that there may be a local, paracrine factor that turns on GRP-R expression in developing airways. The identification of this factor is likely to have significance both for normal as well as neoplastic lung growth.
To determine if the peak expression of GRP mRNA in developing of lung coincided with effects of bombesin-like peptides on lung development, organ culture was performed. As shown in Fig. 6 , bombesin increased in a dose-dependent manner both airway size and number. While our methodologies did not allow a specific quantitation of branching morphogenesis, the increase in number suggests a concomitant increase in branching. Interestingly we did not observe an increase in small airways which might be expected with increases in branching. This may relate to the relative rapidity of stimulation of airway growth by bombesin or alternately that rather than stimulating airway branching, bombesin simply stimulates increases in airway linear growth and diameter. That this increase was achieved by stimulation of cell division was confirmed by labeling with BrdU, in which bombesin increased DNA synthesis primarily in the epithelial cells of budding airways and had relatively weaker effects on mesenchymal cells.
Considering that an important aspect of both the pseudoglandular and the canalicular phase is extension and branching of airways (49, 50), the stimulatory effects of bombesin we observed in organ culture suggests that the peak expression of GRP in neuroendocrine cells in fetal lung is related to the rapid airway development that is ongoing at that time. It is, however, necessary to keep in mind that besides bombesin, other growth factors, such as epidermal growth factor (EGF) and transforming growth factor-/31 (TGF-/61), may play a synergistic role in fetal lung development (59, 60) . Both EGF and EGF receptor have been demonstrated in primitive airways. For example, addition of exogenous EGF to lungs in culture resulted in significant stimulation of branching morphogenesis and increase of DNA, RNA and protein content (59) . The interaction between these factors and GRP clearly deserves further study. Stimulatory effects of bombesin were observed in 60-, 70-, and 80-d lung. Whether bombesin would continue to be stimulatory in lungs from older monkeys will likely correlate with expression of GRP-R in airway cells. Thus critical to the regulation of airway growth will be what regulates GRP and GRP-R expression.
That the effects of bombesin could be completely blocked by two different GRP receptor antagonists is consistent with the expression of the GRP-R as detected by RNase protection and in situ hybridization. This suggests that endogenous bombesin-like peptides act to stimulate airway development by interaction with the GRP-R. Based on the immunohistochemical staining and Northern blot analysis it is reasonable to conclude this peptide is GRP. It is possible that the effects of bombesin on airway development in rodents may be mediated by other as yet uncharacterized bombesin-like peptides as GRP cannot be detected in early gestation rodent lung. The failure of GRPreceptor antagonists by themselves to block airway development in organ culture may derive from insufficient concentrations of antagonists at the site of endogenous peptide secretion, high local concentrations of endogenous peptide, or may relate to a lack of secretion of endogenous GRP because of loss of regulatory mechanisms.
In conclusion, the present study demonstrates that GRP and the GRP-R genes are expressed in monkey fetal lung primarily during the pseudoglandular and canalicular phase of pulmonary development. The pattern and time course of expression of GRP gene in developing fetal lung in monkey is similar to that in human; suggesting this will be a valuable model to determine the effects of bombesin-like peptides on lung development. The clear stimulatory effects on airway development induced by bombesin suggests potential therapeutic uses of bombesin in very early threatened or actual premature deliveries. Future in vivo studies to administer bombesin-like peptides to fetal monkeys in utero will help determine the extent of bombesin-like peptides role in lung development.
